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Abstract

ABSTRACT

Novel substrates RESrAlCU for BSCCO thick films have been synthesized using the solid
state reaction method. Single phase samples o f this compound can be easily formed at
temperatures between 1350-1500 °C in air. Highly dense samples can be achieved by
increasing the sintering temperature. The dielectric constant 8 and dielectric loss of
NdSrAlC>4 have been measured at room temperature with £ =15.7, and tan 5 = 6x1 O'3 over
a wide frequency range from 30 Hz to 13 MHz. Results show that NdSrAlC>4 has a good
microwave performance within the measured frequency range. Chemical compatibilities
between RESrAlCU and Bi2212 have been investigated by mixing powders of RESrAKAj
and Bi2212 and sintering at high temperatures up to 890°C in air for more than 6h. XRD
results show that all peaks are from either RESrAlCU or Bi2212, and no extra peaks can be
found. This indicates that RESrA104 is very compatible with Bi2212.

Bi2201 and Bi2212 thick films have been successfully grown on RESrAKT* substrates by
total and partial melting techniques. Well (001) orientated Bi2201 film with a large grain
size was formed on LaSrAlCU, and Bi2212 was grown on both LaSrA104 and NdSrA104.
The film orientations strictly depend on the maximum sintering temperature. There was
further confirmation that both Bi2201 and Bi2212 are compatible with RESrA104. The
Bi2212 thick films grown on NdSrAlCU have a Tc0 o f 85K with a strongly (001) orientation,
but films grown on LaSrAlC^ have a lower Tco o f 55K.
vii

Abstract
MgB2 thick films on stainless steel substrate can be rapidly formed by heating samples to
660 °C without any holding time and quickly cooled down. XRD shows above 90% MgB2
phase. However, a sample that was sintered at 800 °C for 4h contains MgB4 and MgO as
well as MgB2. The fast formed MgB2 films appear to have good grain connectivity giving a
Jc o f 8x l0 4 A/cm2 at 5K and IT and maintains this value at 20K in zero field. However, the
MgB2 films do not adhere well to the steel substrate. The most likely reason is the large
difference in thermal expansion coefficient between the two materials.

The effects of sintering times and temperatures on the formation and critical current densities
of films on stainless steel and Fe-clad MgB2 wires have been investigated. It was found that
there is no need for prolonged heat treatment in the fabrication of MgB2 superconductor. A
total sintering time of several minutes is more than enough to form nearly pure MgB2 with
high performance characteristics. The Tc and Jc results show convincingly that samples which
were sintered for 3-6 minutes are as good as those sintered for longer times. In fact, the Jc field
performance for wire samples sintered for 3 min at 840 °C is always at least as good as for any
other long sintered samples and even slightly better at high fields. A Jc of 7 xlO A/cm in zero
field and above 105 A/cm2 in 2T at 20K have been achieved for the MgB2 films grown on
stainless steel. These findings substantially simplify the fabrication process and reduce the
costs for large-scale production of MgB2 wires.

viii

ChapterOne . Review o f substrates, applications and properties o f HTS thick film s
Part L Chapter one: literature review

1.1. Definition of thick films

The term “thick film” relates not so much to the thickness o f films but to the mode of
deposition. In the electronics industry a thick film conductor of silver, copper or gold,
for example, is prepared by taking a powder of the metal and mixing the powder with a
vehicle. The vehicle is a mixture of polymers and solvents which are thoroughly mixed
with the chosen powder, usually on a three-roll mill, until a homogeneous mixture is
formed. This mixture is known as an ink. The ink is then deposited onto a suitable
substrate, for example a polycrystalline alumina or polymer circuit board by screen
printing and then, in the case of ceramic substrates, fired at high temperature in order to
sinter the particles in the ink so that a homogeneous electrical circuit is obtained. This
differs from thin-film methods such as sputtering, laser ablation, chemical vapour
deposition, evaporation, etc. in three very important respects. First, thin-film deposition
usually requires the use of single crystal substrates; second, thin films are usually
deposited with the intention of achieving a degree of epitaxy with respect to the
crystallographic orientation of the substrate; and third, thin films usually require the use
of vacuum technology. The most important distinction, however, is the deposition
method.

1.2. Materials for thick film superconductors

The most commonly reported materials are thick films of YBa2Cu30x (YBCO 123) [1
6], TIBaCaCuO (TBCCO 2223, 2212 ) [7-11] and Bi(Pb)SrCaCuO (BSCCO 2223, 2212
1
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) [12-16]. The structure o f YBCO, BSCCO, and TBCCO are shown in Fig. 1. Although
relatively little work has been carried out on thick films of the mercury system
(HgBa2Ca2Cu3C>8+s ) these are also included. The Tc o f these materials are given in
Table 1.
Table 1. Transition temperatures of the major HTS systems used in thick film
applications.

Material
YBCO 123
BSCCO 2212
BSCCO 2223
TBCCO 2212
TBCCO 2223
HgBaCaCu 1223

Tc(K)
93
85.
110
98
125
164 (under pressure)

1.3. Surface impedance of HTS thick films

One significant feature of HTS is their low surface resistance, which is a very important
factor for low surface impedance device applications.

The variation in surface

impedance results is enormous, reflecting variation in the preparation methods and the
quality of the thick films. Characterization methods used include cavity end wall
replacement, all-HTS cavities, microstrip resonator techniques, and dielectric resonator
techniques. The cavity end wall replacement and the dielectric resonator techniques are
the most popular. Interest in the use of thick films for low surface impedance
applications was given impetus when very low Rs was reported by [1,2,17] in YBCO. It
was shown that Rs o f melt-processed YBCO on zirconia substrates was significantly
lower than for sintered materials and only a factor of 4 worse than for high-quality thin

2
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Figure. 1. Crystal suructures o f the most common HTS film materials: (a) YBa2Cu30 7;
(b) Bi2Sr2caCu20 8; (c) Tl2Ba2Ca2Cu3Oi0

•

3

ChapterOne . Review o f substrates, applications and properties o f HTS thick film s
films. An advantage o f the process is that very large areas and curved surfaces can be
coated. The surface resistance at 7.5GHz is 1.5 mQ at 77K and 0.75 m il at 64K. The
transport critical current density of such films is approximately 1000-2000 A cm'2 (77K,
0T ) and 105 A c m 2 (4.2K, 0T). The materials o f choice for low-Rs films are either
YBCO, which has been extensively researched, or TBCCO which has recently been
found to give low Rs values on zirconia substrates. Rs o f BSCCO thick films has been
found to be worse in comparison.

1.4. Advantages of thick films for low surface resistance applications

Unlike thin films where epitaxial growth is achieved, the deposition o f HTS as a thick
film onto polycrystalline substrates does not usually involve epitaxial growth.
Nevertheless, the advantages of the thick film are as follows.
(1) Very large areas can be covered, e.g. 230 cm2, with low Rs [1].
(2) Curved surfaces can be used and thus low-noise shields can be manufactured.
(3) Film thickness can be as high as 100 pm, and this has important consequences
when high microwave power is required in a resonator.
(4) The films (at 50 pm) are always thicker than the penetration length, thus
avoiding substrate dielectric loss effects.

1.5. Applications of HTS films

1.5.1.

HTS resonators

4
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Current microwave communications base station filters are bulky and dissipate a
considerable amount o f power, and the filter response, in terms o f rejection, is barely
adequate. The rapid increase in the use o f cellular communications and the projections
for the next century indicate that present filters will not cope with the volume o f calls.
Novel filters are required which will cope with the increased volume. Thin-film circuits
suffer from the problem o f high current and field concentrations at the edge o f patterned
tracks. A manifestation of this problem is seen in the power handling of such films.

Recently the technology developed by Alford and Button [2] has been employed by the
Illinois Superconductor Corporation in high-performance filters for base station
applications. The filter response using this technology is shown in Fig.2 where it is seen
that the filters possess very steep skirts and low insertion loss. The market demand for
new products in this area is high with more than 20 million new cellular users in 1994.
The huge increase in demand has caused increased call interference particularly in
densely populated urban areas. Pre-selection filters, which minimize noise from
adjacent bands, cause a loss o f signal and increased insertion loss. By using HTS filters
whose resonant elements have an unloaded Q of 100 000, filters with exceptionally low
insertion loss and high rejection have been manufactured. These are currently being
tested at six test sites in the USA.

1.5.2. HTS shields

Shields can be made o f HTS thick film on cylindrical substrates. Three essential
requirements o f a shield are that it should be capable o f excluding the earth’s field (0.05

5
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Figure 2. Performance of thick-film YBCO filters manufactured by Illinois
Superconductor Corporation (ISC model Q45K-B3A, 10-pole elliptic bandpass with
6-pole quasi-elliptic notch; CDMA-TDMA-AMPS compatible). Insertion loss at
markers 1 and 2 is -1.2 dB and -0.3 dB respectively and at markers 2 and 4 is -40.36
dB and -58.08 dB respectively demonstrating very low insertion loss and good
rejection characteristics

'N
X
CM O
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9“

•

CO

Figure 3. Noise characteristics of thin-film multiloop magnetometers enclosed within
YBCO thick-film shields at 77K
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mT), the flux creep rate must be adequately low, and the flux noise is low. The DC field
rejection of a 40 mm thick film is approximately 0.5-1 mT at 77K, and the creep rate of
such films has been measured [18]. For a shielded area of 1 cm2, a creep rate of 10'5 flux
quanta s'1 can be shown to correspond to 2 x 10'20 V. At the lowest voltages, the
measurement indicate that the flux creep is well below that required for shielding
applications. This suggests the use o f such shields in the provision o f the very low
magnetic noise environments which are required for sensitive measurements using
SQUIDs.

The

noise

properties

of YBC0-SrTi03-YBC0

magnetometers enclosed within YBCO thick-film

thin-film

multiloop

shields have been measured by

Ludwig et al [19] and found to be very low at 37 fT Hz ‘1/2 at 1 Hz and 18 fT Hz -1/2 at
1 kHz. The results of this are shown in Fig. 3 [19]. In the experiment the devices were
immersed in liquid nitrogen, and a stable field was applied by winding a copper
solenoid around the zirconia tube. The results of this series of experiments show that the
critical properties (field exclusion, flux creep and magnetic noise) are alL well within
the measured performance of the YBCO thick films described here.

1.5.3. Antennas

The first demonstration o f an HTS antenna was by Khamas et al [20] on an antenna
made of bulk-extruded wire. Thick-film antennas have been extensively examined [21
26] and have been shown to offer certain advantages. The main advantage of a
superconducting antenna is shown in Fig. 4 [24] where it can be seen that, for a given
efficiency, the size o f the antenna can be made very much smaller. It would be an
advantage to print such antennas on a very low loss substrate such as alumina.
Unfortunately, alumina reacts deleteriously with the superconductor, hence the reason
7
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for exploring novel substrate materials with lower dielectric loss which do not react
adversely.

1.5.4. Current-carrying applications

In some cases, superconducting films are desired strictly for their ability to carry
large amounts of current with no loss. In such applications, a metal substrate is generally
preferred, since it serves as an alternate-current path in case of warming of the
superconductor as a flexible support, and as a heat dissipater. In addition to being
metallic, substrates for these applications need to be able to support superconducting films that have a high critical current density and that are probably quite thick.

1.6. Issues in substrates selection

The importance of substrate selection in dictating all aspects of film growth from ease
or even feasibility of growth to film quality cannot be overemphasized. In some
materials systems, including HTS, the best films that can currently be produced are
grown on materials that have serious limitations. The search for viable substrate
materials is an active area of research that often accompanies the investigation and
perfection of a film. Significant breakthroughs are required to identify and produce
materials that satisfy all of the requirements that HTS films and many o f their
applications pose. The quest for substrate materials that are capable of supporting
excellent films of HTS materials has been in progress for nearly as long as HTS thin
films have been prepared. The list of desirable substrate properties contains a number of

8
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Figure 4. (a) Efficiency of a small loop antenna. The superconductor is assumed to be
a YBCO wire with a cross-over frequency (i.e. where Rs (copper)= Rs (YBCO)) of 10
GHz only. Curve a , HTS wire diameter 1 mm, 77K; curve b, Cu diameter 1 mm
300K; curve c, Cu diameter 0.1 mm, 300K. ko=2til\ and M s the loop radius.
(¿>) Efficiency of a small dipole antenna with the same parameters as in (<z).

9
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entries that are common to substrates for essentially all classes of thin films. Some
substrate requirements are independent of the details of the film they must support. In
many cases it is desirable or even necessary for a film to be not only crystalline, often
single crystalline, but also for the crystallographic axes of the film to have well-defined
orientations with respect to the substrate. This usually requires that the thin film be
epitaxial on its substrate, a constraint that introduces additional requirements that must
be fulfilled by the substrate material. The followings are general issues for the
substrates.

1.6.1. Chemical compatibility: one of the first issues that must be dealt with in
determining the suitability of a substrate for an HTS film is the chemical compatibility
of the two materials. This is true whether or not the film is epitaxial. Ideally, there
should not be any chemical reactions between the film and substrate. The constraint is
especially severe for HTS films since these materials are reactive with many substrates
that might otherwise be good candidates ( such as unbuffered Si) [27,28]. Regardless of
the specific film growth method used, the substrate must be unreactive in the oxygenrich ambient required for growth and processing. These considerations require close
examination of the composition of substrate materials and their possible chemical
reactions. In general, one is likely to encounter fewer problems with chemical
compatibility if the film and substrate are composed of chemically similar species. For
example, oxide substrates are more likely to tolerate the growth of HTS materials than
are non-oxide materials.

1.6.2. Thermal-expansion match: most combinations of substrates and films will be
more or less mismatched in regard to thermal expansion. This may result in loss of
10
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adhesion or film cracking during thermal cycling.

A good thermal-expansion match is necessary, whether or not one is dealing with an
epitaxial system. In the case of HTS materials, this requirement is particularly important
because of the brittleness of the superconductor. Thus, YBCO films on bulk Si
substrates, even with a buffer layer of, say yttria-stabilized zirconia (YSZ), develop
cracks if they are over 50 nm thick, due to the large difference between the coefficients
of thermal expansion of Si and YBCO [29]. YBCO Films grown on YSZ/Si layers on
bulk sapphire do not have this problem as severely since sapphire has a thermal
expansion coefficient that is much more similar to that of YBCO, and it is this value that
dominates the system.

The existence of a nonzero thermal-expansion mismatch, which is the rule rather than
the exception, can have many effects on the film. The severity of the problem depends
on several properties of the mismatch layer. For example, if the film material is very
brittle, cracking is likely if the mismatch is severe. This is especially true if the film is in
tension, i.e., if the thermal expansion of the film exceeds that of the substrate. The effect
of thermal mismatch on a film may depend on film thickness. For example, a thin film
may “conform” to the thermal-expansion properties of the substrate and therefore be
under stress, whereas a thicker film may crack. Problems introduced by thermal
expansion mismatch are more severe if the system must tolerate extreme temperatures,
whether it be during film growth, processing, characterization, or the life of the finished
product. Especially in the case of crystalline films (and most particularly for epitaxial
ones), a thermal-expansion mismatch may cause the film properties themselves to be
altered from what they would be if the mismatch were absent. For example, the lattice
3 0009 03245218 2
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parameters of a film may be altered from their equilibrium values by becoming “locked
in’ to those of the substrate at an elevated growth temperature. This deviation from the
equilibrium crystal structure may modify some film properties, for example introducing
anisotropy into a usually cubic material or otherwise modifying the electrical properties.

1.6.3. Surface quality: the quality of the surface is one of the most important properties
of a substrate for film-substrate interaction. A uniform smooth surface is necessary
(although not sufficient) to insure a uniform, homogeneous film. If the surface is
reactive with the film to be deposited, it must be passivated in a reproducible and
uniform manner.

-

An ideal substrate would have a flat, dense surface and be free of twins and other
structural inhomogeneities, although a number of materials in current use as HTS
substrates do have such problems [27]. However, this requirement is not serious for
HTS thick films.

1.6.4. Substrate homogeneity: while issues concerning the surface quality of the
substrate have already been dealt with, the quality of the bulk of the substrate must also
be reasonable. For example, if a substrate is predominantly a single phase but contains
an appreciable amount of one or more additional phases, the surface quality is likely to
suffer, and the film may not grow equally well on all of the phases present. Grain
boundaries in the substrate that appear on the surface may affect the microstructure and
morphology of the film. The substrate should have the theoretical density of its
constituent, since voids will affect the quality of the growth surface.

12
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1.6.5. Low dielectric constant and dielectric loss: in patterned films where the substrate
is exposed to a r.f. or microwave field there are other important considerations, the most
important of which is that the dielectric loss should be low, which generally means that
the dielectric constant is moderate at 30 or below.

1.7. Substrates and superconducting properties of HTS films

Many materials have been tried as substrates for HTS films, but most have met with
limited success. In general, the search for substrates that can support the growth of highquality HTS films has centred on materials having the perovskite crystal structure,
usually oxides. Most of the other materials that have been studied extensively and or met
with some success have fallen into one of the following categories:
A. Perovskite structure oxides: ABO3 type, such as LaAlC>3
B. Non-perovskite structure oxides, such as MgO or YSZ
C. A2BB’0 6 structure, such as Ba2RESb06
D. Pure metal, Ag

type of substrate
Perovskite structure oxides LaAlÛ3, NdGaC>3, SrTiOs, BaSnÜ3, BaZrC>3
Non-perovskite oxides

YSZ, MgO, AI2O3, C e02/Y2BaCu05

A2BB’Oô structure

Ba2RETa06 (RE=Pr, Nd, Eu, Dy), Ba2RESb06(RE=Pr, Sm,
Dy), Ba2DyZr05.5, Ba2GdHf05.5, Ba2SmNbOô, Ba2GdNbOô

Pure metal

Ni, Ag

Table 2. Some compounds are commonly used as substrates for making HTS films
13

ChapterOne. Review o f substrates, applications and properties o f HTS thick film s
Only a few substrates do not fall into one o f these categories. Table 2 shows the
compounds that are commonly used as substrates for making HTS films.

In this section, the substrates and HTS thick films have been reviewed for the period
from 1997 -2001. Reviews before 1997 can be found in Refs. [30] and [31].

1.7.1. Preparation and performance of HTS thick films grown on ABO3 type substrates

Thick films of Ba2RECu307_§ (RE = Y, Yb and Er) have been grown on LaAl(>3,
NdGaC>3, SrTiC>3, using the liquid-phase epitaxial growth technique. Films of thickness
up to 15 jam were grown at a mean rate of 1-2 ja/min, with excellent in-plane and ctexture and 100% density. Tc of 90 K and Jc over 10 A/cm at 77 K have been achieved.
Mixing the REs led to a large increase in the overall RE solubility at temperatures close
to the peritectic. Growth temperatures as low as 880 °C were realised by using suitable
compositions and combinations of different RE ions[32].

Two very different pulsed laser deposition (PLD) rates, 192 and 6 A/s, were used to
produce 1jam thick superconducting YBa2Cu30x (YBCO) films on (001) SrTiC>3 single
crystal substrates at 790 0 C. It was found that the high deposition rate led to a slight
deviation from the expected epitaxial orientations, and extra stress was induced in the
films by increased lattice mismatch between the films and the substrates. In addition,
misoriented YBCO grains were formed in the high-growth rate films after a thickness of
about 150 nm. Postannealing in oxygen had no visible influence on these defects,
although the superconducting properties were improved significantly. In contrast to the
high-growth rate films, overall epitaxial orientations were formed in the low-growth rate
14
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films, and no misoriented YBCO grains were found. However, variations in lattice
parameters and columnar voids were observed, although their existence apparently does
not have a significant influence on the superconducting current density Jc. Cation
disorder was observed in both films. A two-step film growth mechanism is concluded
which is responsible for the formation o f some defects in the high-deposition rate
films[33].

Ag-doped YBa2Cu307_x films, with thickness ranging from 0.06 to 2.5 jam, were
deposited by pulsed laser deposition onto (100) LaAlCb single-crystal substrates. The
target was YBa2Cu3C>7-x with 5 wt.% Ag addition. Ag is present in the films in
concentrations o f 1 at.%. Biaxial alignment of the films was indicated by (p scans with a
full-width-half-maximum (FWHM) spread of 1-2 degrees for various thicknesses.
Utilizing a standard deposition process, most films showed a critical transition
temperature Tc > 90 K, and Jc was 106 A/cm2 [34].

The improvement of the critical current density Jc of YBCO thick films has been
attempted by adding BaSn03 powder and ultrafine Sn particles, whose diameter is about
2 pm and 0.07 pm, respectively. It was found that the addition of a small amount of
these particles was effective for the enhancement of Jc o f thick films prepared by a
liquid-phase processing method. The 1 wt.% BaSn03 films fired at T=T 040-1060 °C and
the 3 wt.% Sn films (T =1030-1060 °C) showed Jc Values (77 K, 0 T) of about 2.1-2.4 x
103 A/cm2 and 3.1-3.5 x 10 3 A/cm2, respectively, as compared to 2.0 x 103 A/cm 2 for
the undoped films[35].
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High quality Tlo.5Pbo.5Sri.6Bao.4Ca2Cu30x epitaxial films up to 15 pm thick have been
grown using a melt growth technique on single crystal LaA103 substrates, This melt
growth process is an ideal candidate for producing high quality superconducting films
on flexible metal substrates with textured buffer layers; however, the textured buffer
layer o f choice, cubic yttria-stabilized zirconia (YSZ), appears to be incompatible with
the melt growth o f Tl-Pb-Sr-Ba-Ca-Cu-0 films. Crucial properties for the successful
development of a suitable buffer layer are lattice matching, chemical stability, and
texture[36].

5 pm thick (Tl,Bi)(Bao.4Sri.6)Ca2Cu309 ((Tl,Bi)-1223) high Tc films were prepared on
LaAlC>3 (100) substrate by a modified sol-gel process. The process involves the
preparation o f a gel containing the metallic atoms, the coating of the substrates with the
gel, the pyrolysis o f the gel, and a post annealing process, without an additional thallium
oxide vapour source. The resultant thick films consisted mainly of the (Tl,Bi)-1223
phase, with high c axis orientation, and cp scans revealed epitaxial film growth. EDX
measurements showed a composition in good agreement with (Tl,Bi)-1223 phase.
Superconductivity was attained with Tc values up to 102 K [37].

1.7.2. HTS thick films grown on Non- perovskite type substrates

The characterisation of YBa2Cu307.x (YBCO) thick films melt processed on a variety of
substrate materials (e.g., YSZ, MgO, A120 3, BaZr03) revealed a wide variation in the
microstructures and properties obtained. The microstructures of melt-processed YBCO
films on yttria-stabilised zirconia (YSZ) substrates display a characteristic morphology
described as "spherulitic" or "hub and spoke". Melt processed films displaying this
16
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morphology have been shown to exhibit desirable superconducting properties for
potential applications in the electronics and microwave component industries. The
nucleation and growth of such microstructures has been investigated and is described,
together with methods for manipulating the nucleation sites and further improving the
superconducting properties obtained in films in re f [38].

From the characterization of superconducting YBa2Cu307_x (YBCO) thick films
processed by melt texturing on yttria-stabilized zirconia substrates from YBCO
precursors it is clear that the properties are highly dependent on the precursor powder.
-Increased YBCO grain sizes have been induced in thick films processed from by
modified solid-liquid melt growth (SLMG) and powder melt (PMP) processes in
comparison with those processed from pre-reacted YBCO materials. The SLMG and
PMP routes utilize precursors consisting of BaCu02-CuO flux material mixed with
Y2O3 and Y2BaCu05 respectively. Cross-sectional analysis of films textured by these
routes shows a decreased Y2BaCu05 size and an increased homogeneity within the
matrix with respect to films processed from YBCO powder. Such microstructural
improvements lead to an improvement in both the flux pinning and the current-carrying
characteristics of the processed YBCO films [39].

C-axis oriented Ndi+xBa2-xCu30y (Ndl23) films were grown on MgO(l 0 0) single
crystal substrates by means of the liquid-phase epitaxy (LPE) technique under two
different modes of supersaturation. When the films are grown in the transient mode LPE
(TMLPE), the top surface o f the films is characterized by structures with step heights
varying from several to some ten unit cells along the c-axis and with many small-angle
tilt boundaries. In contrast, when the films are grown in the step-cooling mode, spiral
17
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steps with the height o f a mono-unit cell are observed at the top surface of the films and
the number o f small-angle tilt boundaries is greatly reduced relative to what is seen in
the films grown by TMLPE. The superconducting transition temperature Tc of the films
grown in the step-cooling mode reaches 93 K when the films are annealed at 400 °C for
100 h in 10 atm O2 atmosphere, whereas that o f the films grown in TMLPE is limited to
83K.

The

less

easy accommodation

of oxygen uptake but resulting better

superconducting properties of the step-cooled film can be explained in terms of the
compositionally well-ordered structure with a lower density of imperfections [40].

Yttria-stabilized-zirconia (YSZ) buffer layers on polycrystalline alumina substrate were
fabricated by spraying a suspension consisting of ultrafine YSZ powders. It was found
that the spraying conditions such as the flow rate of the carrier gas and the aperture of
the spray nozzle had a great influence on the mechanical properties of the sprayed buffer
layers and also on the Jc values o f YBCO thick films processed on these buffer layers.
The maximum Jc value of screen-printed YBCO film, fired by the solid-phase sintering
method, was about 470 A/cm2 at 77 K, 0 T. This value was about four-fifths of those for
films on single-crystal YSZ substrates [41].

c-axis oriented Ndi+xBa2-xCu30y thick films were grown by the liquid-phase epitaxy
(LPE) technique onto MgO(lOO) single crystal substrates in an Ar gas atmosphere
containing 0.5 at% O2. The superconducting transition temperature Tc was very broad,
when the film thickness was 10 pm, but became very sharp when it was increased to 100
pm The Tc value for the 100 pm thick film could be increased up to 92 K by annealing
at 300 °C for 336 h in an O2 atmosphere. Moreover, the peak effect, which is
characterized by an increase in magnetization with increasing magnetic fields up to 1.5
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T at 50 K, was observed in the 100 jam thick film. The substantial improvement in the
superconducting properties when the film thickness is increased to 100 pm can be
attributed to the persistence of the steady-state growth mode following the transient
mode responsible for the first 10 pm thick deposition [42].

High density YBa2Cu30y thick films were prepared on Y2BaCuC>5(211) substrates with
CeC>2 additions by a surface diffusion process between the Ba3Cu50y composite coating
powder and the 211 substrate. It was found that a small addition of CeC>2 from 0 to 0.5
wt% to the 211 substrate had a strong effect on the reaction between the Ba3Q i50y
coating layer and the 211 substrate, resulting in the crystallization of thick YBCO
without impurity phases such as CuO and unreacted Y203 particles along the grain
boundaries. As CeC>2 additions were increased from 0 to 5 wt%, the density of the 211
substrate increased up to 80-90%, and the critical temperature and the critical current
density of the 123 thick films also increased [43].

The formation of the 2212 phase material on both silver and magnesium oxide
substrates was successfully achieved by the drop wise deposition of solutions of 2212
dissolved in nitric acid or organic acids such as acetic acid or propionic acid using a
commercial ink-jet printing head and the so-called 'droplet-on-requesf technique.
Precursor solutions were prepared by dissolving either a mixture of metal nitrates
(Bi(N 03) 3 . 5H20 , Sr(N03)2, Ca(N03)2 . 4H20 and Cu(N03)2 . 3H20 ) or 2212
superconducting powder in acid solutions. From this initial study using simple solutions
on conventional substrates such as polycrystalline silver and large MgO single crystals,
the preparation of a textured thick 2212 film for superconducting circuits and
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interconnections by the ink-jet printing process appears quite promising. The critical
temperatures o f the selected superconducting coatings were in range of 82-92 K [44].

The surface resistance Rs of screen-printed (Bi,Pb)2Sr2Ca2Cu30x thick films on Ag,
MgO, and Ba(Sn,Mg,Ta)03 substrates was measured at 10.7 GHz in the temperature
range between 20 and 130 K using a dielectric resonator method. For thick films on Ag
substrates, it becomes lower than for a Cu plate as the temperature decreases below 100
K, and reaches 1.7 m il at 77 K and 0.3 mQ at 30 K.

The use of an MgO or

Ba(Sn,Mg,Ta)03 dielectric substrate for film fabrication causes some degradation in the
value o f Rs, but the Rs remains superior to that of a Cu plate below 80 K. From a
practical point of view, the (Bi,Pb)2Sr2Ca2Cu3Oxthick films were screen-printed on both
sides of a Ba(Sn,Mg,Ta)03 disk to serve as superconducting electrodes for the dielectric
resonator. The unloaded quality factor Q(u) for the resonator at 2.1 GHz on a TMoio
mode is superior to the quality factor of the same dielectric resonator with Cu electrodes
below 90 K. It is 3 times higher than the value for the resonator with Cu electrodes at 70
K and also 5 times higher at 30 K [45].

Bi2Sr2CaCu20y (Bi-2212) thick films of 50-90 jam thickness were prepared on bare
alumina substrates by the melt-solidifying method. The 90 jam thick films, which were
heated at 886 °C for 10 min and then cooled to 836 °C over various cooling times t
ranging from 0.5 h to 10 h, showed zero resistance at about 80-81 K. The highest Jc of
about 0.6 A/cm2 (77 K, 0 T) was obtained for a film with a cooling time of lh. [46]

The microstructure of Bi-Sr-Ca-Cu-oxide (BSCCO) thick films on alumina substrates
has been characterized using a combination of X-ray diffractometry, scanning electron
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microscopy, transmission electron microscopy o f sections across the film/substrate
interface, and energy-dispersive X-ray spectrometry. A reaction layer had formed
between the BSCCO films and the alumina substrates. This chemical interaction is
largely responsible for off-stoichiometry of the films and is more significant after partial
melting o f the films. A new phase with an f c c (face centred cubic) structure, lattice
parameter a = 2.45 nm and the approximate composition AlsS^CaE^CuOx has been
identified as the reaction product between BSCCO and AI2O3IA7].

MgO powders were added as dopants to Bi2SrCa2CuOg powders, and high temperature
superconductor thick films were deposited on silver. Additions of suitable MgO powder
resulted in increase of the critical current density Jc from 8900 A/cm to 13 900 A/cm
measured at 77 K and 0 T [48].

Superconducting thick films of Bi2Sr2CaCu20y (Bi-2212) on single-crystalline (100)
MgO substrates were prepared using a doctor-blade technique and a partial-melting
process. It was found that the phase composition and the amount of Ag addition to the
paste affect the structure and superconducting properties of the partially melted thick
films. The optimum heat treatment schedule for obtaining high Jc has been determined
for each paste. The heat treatment ensures attainment of high purity for the crystalline
Bi-2212 phase and high orientation of Bi-2212 crystals, in which the c-axis is
perpendicular to the substrate, The highest Tc, obtained by a resistivity measurement, is
92.2 K. The best value for Jc (transport) for these thick films, measured at 77 K in self
field, is 8 x 103 A/cm2 [49].

1.7.3. Performance of HTS thick films deposited onto A2BB’0 6 type substrates
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Thick films of YBa2Cu3C>7_5 fabricated on polycrystalline Ba2RETa06 (where RE= Pr,
Nd, Eu, and Dy) substrates by dip-coating and partial melting techniques are textured
and c-axis oriented, showing predominantly (001) orientation. All the thick films show a
superconducting zero resistance transition of 90 K. SEM studies clearly indicate
platelike and needlelike grain growth over a wide area of the thick films. The values of
the Jc for these thick films are approximately 104 A/cm2 at 77 K, as determined by the
nonresonant R.F. absorption method. Various processing conditions that affect the
critical current density of thick films are also discussed in ref. [50].

A new group of complex perovskites, Ba2RESbC>6 (where RE = Pr, Sm, and Gd), have
been synthesized and sintered as single phase materials by the solid state reaction
method. These materials are found to be isostructural and to have a complex cubic
perovskite structure. X-ray diffraction and resistivity measurements have shown that
there is no detectable chemical reaction between YBa2Cu3C>7-5 and BaRESbC>6 even
under severe heat treatment at 950 °C and that the addition of Ba2RESb06 up to 20 vol%
in YBa2Cu307_5 shows no detrimental effect on the superconducting properties of
YBa2Cu3C>7-8. The dielectric constant and loss factor values of the sintered Ba2RESb06
materials are in a range suitable for their use as substrates for microwave applications.
Thick films of YBa2Cu3C>7-5 fabricated on polycrystalline Ba2RESb06 substrates give a
superconducting zero resistivity transition temperature Tc0 = 92 K, indicating the
suitability o f these materials as substrates for YBa2Cu3C>7-5 films [51].
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Ba2YSn05.5 has been synthesized and sintered as a single phase material for use as a
substrate for both YBCO and BSCCO superconductors. Ba2YSn05.5 has a complex
cubic perovskite (A2BB'C>6) structure with the lattice constant a = 8.430 A. The dielectric
constant and loss factor of Ba2YSnOs.5 are in a range suitable for its use as a substrate
for microwave applications. Ba2YSnOs.5 is found to be chemically compatible with both
YBCO and BSCCO superconductors. A thick film of YBCO screen printed on
polycrystalline Ba2YSnOs.5 substrate gave a Tc of 92 K and a Jc of 4 x 104 A/cm2 at 77
K. A screen printed BSCCO thick film on Ba2YSn05.5 substrate gave Tc = 110 K and Jc
- 3 x l 0 3 A/cm2 at 77 K [52].

-

A new ceramic material Ba2DyZrOs.5 has been synthesized and sintered as a single
phase material for use as a substrate for both YBa2Cu307_deita and BiSrCaCuO
superconductors. Ba2DyZr05.5 has a complex cubic perovskite structure (ABB'Oe), with
a lattice constant a = 8.462 A. The dielectric constant and loss factor are in a range.
suitable for its use as a substrate for microwave applications. YBCO and Bi(2223)
superconductors did not show any detectable chemical reactivity with Ba2DyZr05.5,
even under severe heat treatment. Dip-coated thick films of YBCO on polycrystalline
Ba2DyZr05.5 substrate gave a Tc of 92 K and a Jc of 3 x 104 A/cm2 at 77 K. Dip-coated
Bi(2223) thick film on Ba2DyZr05.5 substrate gave a Tc of 110 K and a Jc of 4 x 103
A/cm2 at 77 K [53].

A new ceramic perovskite, Ba2GdHf05.5, has been synthesized and developed for use as
substrate for the YBa2Cu307.deita superconductor. The dielectric constant and loss factor
of this material are in a range suitable for its use as substrate for microwave
applications. No detectable chemical reaction between YBa2Cu307_5 and Ba2GdHfOs 5
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was observed even under severe heat treatment. YBa2Cu207_5 and YBa2Cu3C>7-5-Ag
thick films dip coated on Ba2GdHf05.5 substrate gave a Tco of 92 K, and Jc of a
YBa2Cu307_5 thick film was 3 x 103 A/cm2 whereas a current density of 2 x 104 A/cm2
was obtained for a YBa2Cu3C>7_8-Ag thick film. The YBa2Cu307_5-Ag thick film showed
a preferred (001) orientation on polycrystalline Ba2GdHfC>5.5 substrate [54].

The processing and development of Ba2SmNb06 as a non-reacting substrate for
YBa2Cu3C>7_8 films have been reported for the first time. The dielectric constant and loss
factor of this material are in a range suitable for its use as a substrate for microwave
applications. A YBa2Cu3C>7-5 superconducting thick film screen-printed on Ba2SmNb06
substrate gave a Tc=92 K and Jc of 2 x 105 A/cm2 [55].

Ba2GdNbC>6 has been developed as a new substrate suitable for

BSCCO

superconductor. Ba2GdNbC>6 has a complex cubic perovskite (A2BB'06) structure with a
lattice constant a = 8.587 A. DTA studies revealed that there is no phase transition
occurring in Ba2GdNbC>6 in the temperature range of 30-1300 °C. The thermal
expansion coefficient of Ba2GdNbC>6 is found to be 7.913 x 10*6. The dielectric constant
and loss factor of Ba2GdNb06 are in a range suitable for its use as a substrate for
microwave applications. The Bi(2223) superconductor does not show any detectable
chemical reaction with Ba2GdNbC>6 even under extreme processing conditions. Thick
films of Bi(2223) dip-coated on polycrystalline Ba2GdN b06 substrate gave a Tc of 109
K and a Jc of approximately 4 x 103 A/cm2 at 77 K and zero magnetic field [56].

1.7.4. HTS thick films prepared on pure metal substrates
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High quality, sharp cube textured Ni substrates have been fabricated by a cold rolling
and recrystallization annealing process. In-plane and c axis-oriented YBa2Cu3C>7
(YBCO) thick films were grown on the textured Ni substrate with a self-oxidized NiO
intermediate layer by an ink-printing and floating zone heating method. The values of
the resistively measured Tc (onset) were 86 K. This is a very useful and promising
method for producing long YBCO tapes with high Jc, although Jc is too low for practical
applications at present [57].

An ultrasonic mist pyrolysis system has been used to fabricate thick films of
YBa2Cu307_x (YBCO) on rolled and single crystal silver substrates. The substrates were
heated to 900 °C, and nitrate solutions of the constituent cations were sprayed on using a
nitrogen carrier gas. Highly c-axis aligned YBCO films were obtained by deposition at a
rate o f approximately 1 pm per minute. Phase pure YBCO formed up to a limit of 6pm.
For thicker films, BaCu02 and Y2BaCu05 also formed. On (110) oriented single crystal
silver, the films showed in-plane alignment with a four fold symmetry, and the FWHM
in the azimuthal direction of the main peaks was 3°. On the polycrystalline substrate the
in-plane texture showed a 20° FWHM, equivalent to that of the (110)<110> textured
silver substrate. The onset of the superconducting transition was measured as 90. IK for
a sample with a film thickness of 5 pm [58].

Photo-assisted MOCVD has been developed for application to high-rate, high quality
YBa2Cu307-5 thin film production. This technique is now being applied to the
fabrication of thick film YBa2Cu30 7.§ on flexible metal substrates for wires and tapes.
The unique application of photo-irradiation as the sole source of energy for the MOCVD
reaction has resulted in extremely rapid growth rates for YBCO films with
25

ChapterOne. Review o f substrates, applications and properties o f HTS thick film s
accompanying high superconducting performance. Typical YBCO films of thickness >1
pm exhibit Jc greater than or equal to 1 x 10 A/cm and Tc > 90 K on single crystal
oxide substrates. Such films have now been integrated to metal substrates such as single
crystal Ni (100) and roll-textured nickel foil. YBCO films grown on textured Ni foils
with Ce02 and YSZ buffer layers show a Jc of approximately to 3 to 5 x 105 A/cm2 for
films o f 1 pm thickness grown in 2 to 4 minutes time. Such performance for thick films
made in such a short growth time is promising for YBCO wire fabrication. The
development o f effective YBCO wire through thick film growth on flexible substrates
also requires the application of a buffer layer. Photo-assisted MOCVD has also been
applied to buffer layer formation with promising results [59].

High Tc thick films of YBa2Cu307_§ (YBCO) were grown on Ag substrates by a
cryoelectrophoretic technique, i.e. deposited by electrophoresis in a cryogenic
environment. The orienting effect is provided by the application of an external magnetic
field o f small intensity (120 G). After sintering, these films exhibited a superconducting
transition at 92 K in the electrical resistivity. Oriented films show significantly enhanced
critical current densities. All microscopies revealed different types of film growth
induced by the application of an external magnetic field during the cryogenic deposition,
showing an increasing degree of order with the field intensity (0-120 G) [60].

Superconductor films (25-125 pm thick) were melt-grown under an elevated magnetic
field (0-10 T). The degree of texture and the transport critical current Jc of these films
were enhanced by the application of a magnetic field. Jc increased with increasing
magnetic field, and the measured saturation magnetic field decreased with decreasing
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thickness of the film. This method provides for relatively rapid processing of highly
textured Bi-2212/Ag thick film or tape [61].

Ag-sheathed E^S^CaC^Og+s (BSCCO) tapes with improved microstructural and
superconducting properties have been fabricated using a novel electrophoretic
deposition technique which involves an application of an alternating current (a.c.) field
parallel to the substrate surface, in addition to a direct current (d.c.) field during the film
deposition. Due to the presence of an additional a.c. field stronger than the d.c. field, the
angular vibration of the BSCCO plate-shaped particles along the field direction
decreases within the framework of-a model of suspended particles. This results in a
higher probability of orientation, and hence, deposition of particles with major faces
parallel to the a.c. field, causing an improvement in the c-axis texturing in green BSCCO
films, which is the key to the fabrication of final BSCCO tapes with predominantly caxis textured grains. The Jc values of a.c. field assisted electrophoretically deposited
BSCCO tapes are 106 - 105 A/cm2 at 5 K, 1-2 orders of magnitude higher than that of
electrophoretically deposited BSCCO tapes (8 x 104 - 7 x 102 A/cm2 at 5 K) without an
a.c. field. [62].

Bi-2212/Ag thick films have been melt-processed under the influence of a 10 T
magnetic field. With a liquid phase present, the Bi-2212 grain orientation can be
controlled by the magnetic field. Under these conditions, the c-axis of the Bi-2212
grains produced is always parallel to the applied magnetic field direction and does not
depend on the Bi-2212/Ag interface orientation. As a result, a 10 T magnetic field
enhances the Bi-2212 grain orientation and texture development for thick films [63].
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Part L Chapter Two: Synthesize and characterization of new substrates:
RESrA104 (RE=La, Nd, Gd)

2.1. Motivations of selecting RESrA104 and Bi2212 phase

As presented in chapter one of part one, there are many suitable substrates both for
Y123 thin films and thick films. However, for BSCOO films, there are only a few
suitable substrate materials. MgO single crystals and Ag seems to be the only successful
substrates for making Bi2212 thick films [1]. As Bi2223 has a high Tc (11 OK ) and
Bi2212 is easy brought into good c-alignment by partial melting techniques, it is very
desirable to find more suitable substrates for the BSCCO films.

In addition to all the reported substrates summarized in chapter one, tetragonal K2M F4
structured compounds have been investigated as potential substrate materials for HTS
thin films. In general, they have dielectric properties that are rather similar to those of
the perovskite-based oxides and reasonable lattice matches with the HTS materials. One
advantage that they pose compared with some of the near-perovskite materials is the
lack o f twinning. One of these materials is NdCaA104. [2-6]. It has a dielectric constant
e = 19, and 8 =1x1 O'4. Its lattice constants of a =0.369 nm and c =1.215 nm give a
reasonable lattice match to the HTS materials. YBCO and TBCCO films have been
successfully grown on NdCaA104 substrates by pulsed laser deposition and by a twostep process, respectively. Films of YBCO have been grown with Tc as high as 88K,
and Jc (77K) = l.OxlO6 A/cm2 [2]. BSCCO films grown by sputtering have TC^75K. [3].
Films o f TBCCO have Tc =100K and Jc (77K) = 3.5xl05 A/cm2[2]. The chemical
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reactivity of the substrate with HTS materials was also investigated. One report based
on Auger electron spectroscopy indicates that the interface of BSCCO films with
NdCaA104 is sharper than that between BSCCO and LaGa03 [3,4], while another
indicates that the chemical instability of the material at high processing temperatures
will probably limit its attractiveness as an HTS substrate [2]. Another problem with
NdCaA104 is the sharp increase in microwave loss at temperatures below 100K [7].
This is explained by magnetic ordering of the Nd ions and limits the appeal o f the
substrate for many HTS film applications. However, it can be used for shielding device
applications.

.

LaSrA104 has a 3% lattice mismatch with YBCO [5,8,9]. Its dielectric properties are
quoted as being “similar” to those of LaA103, while the coefficient of thermal
expansion is less than that of the perovskites. YBCO films grown on (001) LaSrA104
have a high degree of a-axis orientation and TC=80K, on (1 1 18), they have a Tc of 90K
and Jc (77K) o f 3x15s A/cm2.

As stated above, these K2NÌF4 -based compounds are suitable for thin films. Therefore,
it is natural that these types of compounds should also be good candidates for HTS thick
films. However, no one has tried to use these kinds of K2NÌF4 structured compounds as
substrate materials for HTS thick films. In this work, RESrAlCU (RE=La, Nd, Gd)
compounds have been synthesized by solid state reaction. These compounds show very
good chemical compatibility with BSCCO. The structure of RESrA104 is shown in
Fig.l.

2.2. Preparation
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Fig. 1 The structure of LaSrA1 0 4

RESrA 1 0 4 (RE=La, Nd, Gd) was synthesized using a conventional solid state reaction
method. Appropriate high purity (99.99%) La2 0 3 (Nd2C>3, Gd2C>3 ), SrCCf, and AI2O3
were thoroughly mixed in an agate mortar, then pressed into pellets and sintered in a
furnace at 1300 °C for 24 h. The calcined material was then well ground and pelletized
into discs having a 10 mm diameter and 1-2 mm thickness. They were then sintered at
temperatures between 1450-1500 °C in air for another 24 h. The temperature profile is
shown in Fig.2 . The expected phases of RESrA104 can be formed by the following
reaction:

RE 2O 3 (99.99%) + SrC 0 3 +A120 3 = 2 RESrA104+ 2 C 0 2
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Time
Fig. 2 Temperature profile for sintering RESrAlC>4 material

2.3. Results and discussions

2.3.1. XRD patterns for RESrA 1 0 4

The structure of the sintered material was studied by using a computerized x-ray
difffacto-meter. Fig. 3 (a-c) shows the XRD results for LaSrA1 0 4 , NdSrA 1 0 4 , and
GdSrAlC>4 which were sintered under the conditions described in section 2.2. It can be
seen from these three XRD patterns that all the peaks can be indexed using the
tetragonal lattice parameters a=b=3.755A, c=12.62A for LaSrA 1 0 4 , a=b=3.723A,
c= 12.47A

for NdSrAlCU, and a=b=3.697A, c=12.36A for GdSrAlC>4 [ 1 0 - 1 2 ], indicating

a single phase for all samples. It was found that these compounds can be synthesized as
highly pure single phase over a wide temperature range between 1300°C and 1500°C.
The differences are that a high sintering temperature causes larger grains and a denser
sample than a low sintering temperature. As a partial melting technique is used for
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processing the Bi2212 thick film, a highly dense substrate is much more desirable. The
samples were mechanically strong and smooth and shining faces could be obtained by
mechanical polishing.

2.3.2. Microwave properties

The dielectric constant and loss factor of NdSrA104 were studied using a Complex
Impedance Analyzer (HP 4192 A) in the frequency range 30 Hz-13 MHz at room
temperature, with silver electrodes on both sides of the sintered pellets. The results
(show in Fig.4) indicate that NdSrAlCU has an almost constant dielectric constant of
about 15.7 over a wide frequency range accompanied by small dielectric losses which
are below 6x10' 3 . These results indicate that NdSrAlC>4 has good microwave
performance within the measured frequency range. A dielectric constant and dielectric
loss of 17 and 5x1 O'4 (100K, 8 GHz) have been reported for LaSrAlC>4 [13 ] . However,
the dielectricity of GdSrA104 has not been measured yet. It will be studied in the near
future as a continuation to the work of this thesis.

2.3.3. Chemical compatibility with BSCCO

In order to examine the chemical compatibility of RESrA104 with Bi2212, a 1:1 volume
of RESrA104 and Bi2212 powders were well mixed and were pressed into a pellet, then
sintered at temperature of 890 °C for 1 h. The temperature was reduced to 840 °C, then
held at 840 °C for 6 h. The Bi2212 powders used for the present work are a commercial
product purchased from Aldrich.
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Fig.3 (a) XRD phase purity of LaSrAlCri
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Fig.3 (b) XRD phase purity of NdSrAlCri.
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File:Gdpowder

Fig.3 (c) XRD pattern for GdSrAICA

Fig. 4 Dielectric properties of NdSrA 1 0 4 .
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Fig.5 (a-c) shows the XRD patterns o f a 1:1 mixture of Bi2212 with LaSrA 1 0 4 ,
NdSrAlC>4 , and GdSrA 1 0 4 . As a comparison, XRD patterns of pure LaSrAlCri,
NdSrA 1 0 4 , GdSrA 1 0 4 and Bi2212 powders are also shown in Fig. 5 (a-c). All the peaks
o f the composite sample are belong to RESrAlC>4 and Bi2212, and no extra peaks can be
found. This implies that RESrA10 4 is very compatible to Bi2212 at high temperatures.

Fig.5 (a) XRD pattern for LaSrAlCri powder, Bi2 2 1 2 powder, and mixture of Bi2212
and LaSrAlC>4 sintered at 890 °C for lh, cooled down to 840°C and held at 840 °C for
6 h.
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Two Theta [degree]
Fig.5 (b) XRD pattern for NdSrAlC>4 powder, Bi2212 powder, and mixture of Bi2212
and NdSrAlCU sintered at 890 °C for lh, cooled down to 840 °C and held at 840 °C for
6 h.

-

-

Fig. 5© XRD pattern for GdSrA10 4 powder, Bi2212 powder, and mixture o f Bi2212
and GdSrA 1 0 4 sintered at 890°C for lh, cooled down to 840°C and held at 840 °C for
6 h.

.
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2.4. Conclusions

Single phase o f RESrAlCU can be easily formed at temperatures between 1350-1500 °C
in air. Highly dense samples can be achieved by increasing the sintering temperature.
The dielectric constant £ and dielectric loss o f NdSrAl(>4 have been measured at room
temperature with £ =15.7, and tan 5 =6x1 O'3 over a wide frequency range from 30 Hz to
13 MHz. Chemical compatibilities between the RESrAlC>4 and Bi2212 has been
investigated by mixing powders o f RESrAKA* and Bi2212 and sintering at high
temperatures up to 890°C in air for more than 6h. XRD results show that all peaks are
from either RESrAlC>4 or Bi2212, and no extra peaks can be found. This indicates that
the RESrAlC>4 is very compatible to Bi2212.
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Part /. Chapter Three: Growth and characterizations of Bi-Sr-Ca-Cu-O thick films on
ReSrAl(> 4 substrate

3.1. Growth of BSCCO thick films on RES 1AIO 4

3.1.1. Method of making thick films

For the film preparation, a suspension of Bi2212 powders was made by stirring reacted
Bi2212 powders supplied by Sigma Aldrich Pty Ltd and mixing with acetone. A thick film of
Bi2212 was deposited on a polished RESrAlCL substrate by placing the substrate in the
suspension and evaporating the acetone. This procedure was repeated several times until the
desired thickness was attained. The deposited film samples were put into a muffle furnace to
undergo different heat treatments as shown in Fig. 1.

A partial melting method was adopted for film fabrication. The details are as follows. The
furnace temperature was increased up to the selected maximum temperature T max (840-910°C)
and held at this temperature for the selected holding time tj (1-30 min), then the temperature
was reduced to 840°C at a cooling rate Ci (10-300°C/h), and then held at 840°C for t2 (l-12h).
After this, the temperature was decreased to 550°C at a rate of C2 (20°C / min), this
temperature was kept constant for t3 = 24 h, and finally the furnace was cooled down to room
temperature.
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Fig. 1 Different heat treatment for making thick films.

3.1.2. Growth of Bi-Sr-Ca-Cu-0 thick films on LaSrAlC>4

3.1.2.1. Growth of Bi2201 thick films

Bi2201 thick films were grown on LaSrA104 substrates using the same method as for Bi2212
films. In order to check its chemical compatibility with the substrate at high temperature, after
deposition, the deposited Bi2201 film was totally melted at a temperature above 890°C and
held for 0-lh, then rapidly cooled down to room temperature. A reflective surface was
observed on the resulting Bi2201 thick films. XRD reveals single phase Bi2201 with perfect
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(001) orientation as shown in Fig. 2. Note that the other peaks are from the Bi2212 phase. This
is because the starting Bi2201powders contain a small amount Bi2212 phase. No extra peaks
were observed. This indicates that LaSrA1 0 4 is compatible with Bi2201 phase too.

The

optical microscopic image is shown in Fig.3 from which we can see that the grains are needle
shaped and have a sizes of approximately 100x30pm.

Two Theta [degree]
Fig. 2 XRD pattern for Bi2201 thick film grown on LaSrA104 substrate.

3.1.2.2. Growth of Bi2212 thick films
Effects of heat treatment on the phase formation and orientation of Bi2212 thick film have
been studied in detail.
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Fig. 3 Optical microscope image for Bi2201 thick film grown on LaSrA104 substrate. The bar
represents

100

pm.

From the XRD results for all the Bi2212 thick films grown on LaSrA104 and heat treated
under different conditions, it can be seen that all the thick films are pure Bi2212 phase. No
other phases were detectable. This further confirms that LaSrA104 is chemically compatible
with Bi2212. The (001) orientation level is strictly controlled by the maximum temperature
Tmax . If Tmax is lower than 880°C, the films have poor ( 001) orientation (Fig. 4a). They are
improved for Tmax at 885°C,(Fig.4 (b)). A well (001) textured film can be obtained for Tmax
around 890

0

C (Fig 4 (c)). These results are in good agreement with what is encountered

during partial melting processing for all other Bi2212 thick films grown on MgO (100) and Ag
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substrates. For Tmax above 900 °C, the BSCCO melted significantly and flowed down along
the side of the substrate, with some totally diffusing into the substrate. For Tmax less than 880
°C, except for disorientations , the films do not strongly adhere to the substrate.

For single phase samples, the degree of texture of c axis or out-of-plane orientation can be
estimated by the formula, T = X 1(001) / X I(hkl), where I (001) is the intensity of the (001)
diffraction peak and I(hkl) of the (hkl) peaks. The T values

for the three samples shown in

Fig. 4 are given in Table 1.

T

Sample No.

(1 1(001) / S I(hkl)) x 100%
Sample (a)

28%

Sample (b)

45%

Sample (c)

90%

Table 1. The T values for the samples (a), (b) and (c). Sample (a ): Tmax<880°C, sample (b):
Tmax=885°C, sample (c): Tmax=890°C.

48

Chapter three Growth o f Bi-Sr-Ca-Cu-O thickfilms

------------------ 1------------------ 1___________ i____________ i___________ i___________ i___________ i___________ i___________ i___________ i___________ i___________

10

20

30

40

50

60

70

Two Theta [degree]
Fig. 4 XRD results for Bi2212 thick films grown on LaSrA1 0 4 substrate with different heat
treatments, (a) Tmax low than 880°C, (b) Tmax is 885°C, (c) Tmaxis approximately 890°C.

3.1.3. Growth and orientations of Bi2212 thick films grown on NdSrA104 substrate

For the film growth on NdSrA104 substrates, the same heat treatment conditions used for the
film growth on LaSrA104 were applied. The XRD patterns for the Bi2212 thick films grown
on NdSrA104 substrate (Fig.5) are quite similar to what is seen for LaSrA104. It can also be
seen that all the thick films are pure Bi2212 phase. No other phases were detectable. This
further confirms that NdSrA104 is chemically compatible with Bi2212. The (001) orientation
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level is strictly controlled by the maximum temperature Tmax as shown in Fig. 5. If Tmax is
lower than 880°C, the films have poor (001) orientation. As can been seen from the SEM
image in Fig.6, the films looks rather rough with some cavities. Better (001) orientation films
can be obtained by increasing Tmax around 885-890°C as shown in Fig. 5 (b) and (c). These
results are in good agreement with the results for LaSrA104 substrates. The SEM image
(Fig. 7) also shows a very dense and smooth surface with a large grain size of more than 100
pm. It can be seen that the Bi2212 thick films have a better (001) orientation on NdSrAlC>4
than on LaSrA104. The reason may be that the NdSrAlC>4 pellets used for making thick films
are definitely denser than in the case of LaSrA104. LaSrAlC^ looks porous after sintering even
at 1500°C. Attempts were made to increase the density of LaSrAlCU by sintering above
1500°C, but we found that the sample density decreased because it started to decompose at
such high temperatures. It is likely that during the partial melting of Bi2212, some liquid
phase diffused into the gaps between LaSrA104 grains and resulted in random orientation of
the growing Bi2212 film. This means that the poor orientation is possibly caused by the rough
surface o f the substrate.

For single phase samples, the texture degree of c axis or out-of-plane orientation can be
estimated by the formula, T = X 1(001) / X I(hkl), where I (001) is the intensity of the (001)
diffraction peak and I(hkl) of the (hkl) peaks. The T values

for the three samples are as

follows: (a) T=50%, (b) T=75%, (c) T=94%.

3.2. Superconductivity of thick films
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3.2.1. R-T curves for Bi2212 thick films grown on LaSrA104 substrate

Fig.

8

shows the superconductivity of the films grown on LaSrAlCb substrate. For the films

grown below 880°C, the R-T plot indicates poor conductivity. Although a transition can be
seen around 75K, zero resistance can not be reached, even at 4.4K, and is indicative of poor
grain connections. For the films made at the optimum Tmax of 890°C as shown in Fig.

8

(b),

Fig. 5 XRD results for Bi2212 thick films grown on NdSrA104 substrate with different heat
treatment, (a) Tmax is low than 880°C, (b) Tmax is 885°C and (c) Tmaxis around 890°C.
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Fig .6 SEM image for Bi2212 thick film grown on NdSrAlCE with Tmax low than 880°C.
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Fig.7 SEM image for Bi2212 thick film grown on NdSrA 104 with Tmax approximately 890°C.
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Fig.

8

R-T curves for Bi2212 thick films grown on LaSrA104 substrate.

Fig. 9 R-T curves for Bi2212 thick films grown on NdSrA104 substrate.
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typical good metallic behavior can be seen from 300K down to 100K with a sharp drop in
resistance around 75K before zero resistance is reached at 55 K for as-grown films. As is
presented here, only a low Tco of 55K was achieved under the conditions used in the present
work due to lack of substrate density. A better orientation and higher Tc could be expected if a
single crystal form of LaSrA104 substrate were used for making the films.

3.2.2. R-T curves for Bi2212 thick films grown on NdSrAl(>4 substrate

For the films made with Tmax below 880 °C, the R-T plot indicates poor conductivity with no

Tco down to 5 K, similar to what is observed for LaSrA104. For the films made at 885 °C
(Fig. 9 (a)) with a cooling rate C\ of 30 °C, there is a big tail for the resistance with Tco as low
as 40 K. For a Tmax (890 °C) with a fast cooling rate Ci of 30-100 °C/h, typical good metallic
behavior can be seen from 300K down to 100K with a sharp drop in resistance around 90K
before zero resistance is reached at 74K for as-grown films as shown in Fig.9 (b). After
annealing the sample which was grown on NdSrAKA* substrate at 800°C for lOh and quenched
in liquid nitrogen, the Tco increased to 85K.

3.3. Conclusions

Bi2201 and Bi2212 thick films have been successfully grown on RESrA104 substrate by total
and partial melting techniques. Well (001) orientated Bi2201 film with large grain was formed
on the LaSrAlC>4, and Bi2212 was grown on both LaSrAlC>4 and NdSrAlC^. The film
orientations strictly depend on the Tmax sintering temperature. It is further confirmed that both
Bi2201 and 2212 are compatible with RESrA104. Bi2212 thick films grown on NdSrAlC>4
54
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have a Tco of 85K with a strongly (001) orientation. However, films grown on LaSrAKAj have
a lower Tco o f 55K. Table 2 summarizes all the values relating to Bi2212 thick films grown on
LaSrAlCU and NdSrAKA* substrates.

880°C
Substrate

Tc
(onset)

Tco

890°C

885°C
T

Tc

(Texture

(onset)

Tco

75K

no

28%

NdSrA104

90K

no

50%

Tc

(Texture

(onset)

Tco

75K

no

45%

no

75% .

T
(Texture
Degree)

Degree)

Degree)
LaSrA104

T

75K

55K

90%

85K

94%

Table 2. Major values relating to Bi2212 thick films grown on RESrAKA*.
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Part II. Chapter one: literature review

1.1. Introduction

Magnesium diboride, MgB2, a material known since the early 1950s, as recently
discovered to be superconductive at a critical temperature TC=40K that is remarkably
high for a binary compound. MgB2 has the simple hexagonal AlB2-type structure which
is common among borides. The structure o f MgB2 is shown in Fig. 1. It contains
graphite-type boron layers which are separated by hexagonal close-packed layers of
magnesium. The magnesium atoms are located at the centre of hexagons formed by
boron atoms and donate their electrons to the boron planes. Similar to graphite, MgB2
exhibits a strong anisotropy in the B-B lengths: the distance between the boron planes is
significantly longer than the in-plane B-B distance. Its transition temperature is almost
twice as high as the highest Tc in binary superconductors, Nb^Ge, Tc=23K. Fig.2
compare the structures of different types o f superconductors [ 1 ].

The critical temperature Tc o f MgB2 is only 40K, more than three times lower than
134K which was attained by the mercury-based high-Tc superconducting (HTSC)
cuprates. Besides, wires have already been made o f high-Tc copper oxides which
operate above liquid nitrogen temperature (77K). One important reason for the
continuing interest in MgB2 is the cost. HTSC wires are 70% silver [2], therefore
expensive. For example, silver costs 0.14$/gm, but the Mg spot price is only
0.003$/gm. the Boron spot price is 0.004$/gm. Unlike the cuprates, MgB2 has a lower
anisotropy, larger coherence lengths, and transparency o f the grain boundaries to current
flow, which makes it a good candidate for applications. MgB2 promises a higher
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Figure 1. The structure of MgB 2 containing graphite-type B layers separated by
hexagonal close-packed layers of Mg.

Figure 2. Comparison between the structures o f different classes o f superconductors[l].
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operating temperature and higher device speed than in the present electronics based on
Nb. Moreover, high critical current densities, Jc, can be achieved in magnetic fields by
oxygen alloying [3], and irradiation also produces an increase of Jc values [4]. Its high
Tc, crystal structure, large coherence lengths, high critical current densities and fields,
and transparency of grain boundaries to current hold promise that MgB2 will be a good
material for both large scale applications and electronic devices.

1.2. Some progress made on MgB2

1.2.1. Thin films -

Fig. 3 [1] presents all the critical temperatures of films prepared by different methods
such as pulsed laser deposition (PLD), co-evaporation, deposition from suspension, Mg
diffusion, and magnetron sputtering on different substrates: A120 3, SrTi03, Si, SiC, and
MgO. The reports using sapphire and the Mg diffusion method show the highest Tc’s
and sharpest transitions [5-10].

For the same substrate, A120 3, thin films prepared by PLD have lower Tc and usually
wider transitions [5, 11-13] than films prepared by the Mg diffusion method. In order to
prepare better quality films by PLD, the fabrication procedure must be optimised. A
recent report on PLD shows that the temperature of the film varies during pulsed laser
deposition , the variation depending on the deposition parameters:

substrate

temperature, pressure in the ablation chamber, and deposition rate[14]. This may be an
important factor due to Mg volatility.
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2

Substrates used for MgB deposition

Figure 3. Critical temperature and critical temperature width for MgE^films deposited
on different substrates. The data were taken from the references: AI2O3-I [5][48],
2[7],3[8],4,8,12[9],5[10],6,10,13[5],7[ll]',9,14[i2],ll[13],14[49]; SrTi031,2,3[3],4[50]; Si-l,2[9],3,4[51],5,6,7[5],8[50];.MgO-[50]; SiC-[50]. This figure is from
ref. [ 1 ].

In addition to sapphire, good quality films can be prepared on SrTi0 3 [3], and Si [9].
From Fig.3, it can be seen that most important factor is the deposition method and not
the type of substrate. This is probably because the hexagonal structure of MgB 2 can
accommodate substrates with different lattice parameters. The best method for MgB 2
thin film fabrication has proven to be the Mg diffusion method. However, it is expected
that further experiments will show a dependence o f the critical temperature of MgB 2 on
the type o f substrate, as the critical temperature varies with the B-B bond length. This
implies that B-B distance changes with the type o f substrate used, althougg only for a
few unit layers at the interface with the substrate.
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For electronic applications it is desirable that films with a high Tc of 39K be made by a
single step in-situ process. Usually, the magnesium diboride films with high
superconducting temperatures made up at present are fabricated in a two-step process,
with film deposition followed by annealing. Table 1 and Table 2 shows Tc and Jc data
for thin films fabricated by co-deposition and the Mg diffusion method on Si and AI2O3
substrates respectively [1].

In Fig. 4 are shown the values of critical current density versus magnetic field in MgB2
films [3, 6, 7]. The data for thin films have given proof that the performance of MgB2
can rival and perhaps eventually exceed that of existing superconducting wires. It can
been seen from Fig. 4 that in low fields, the current density in MgB2 is higher [3, 6] than
in NfySn films [15] and Nb-Ti [16]. In larger magnetic fields Jc in MgB2 decreases
faster than for Nb-Sn and Nb-Ti superconductors. However, a Jc of 104 A/cm2 can be
attained in 14T for films with oxygen and MgO incorporated [3].

These high current densities, exceeding 1 MA/cm2, measured in films [6], demonstrate
the potential for further improving the current carrying capabilities of wires and tapes.

1.2.2. Substitution effect on Tc

The doping effects on Tc have been studied using transition metal elements, such as Al,
Mn, Co, Zn, Fe, and Ni. These elements were expected to dope into the Mg position. Li
and Si were also used for doping into the Mg position. C has been used to dope into the
boron position.

60

Chapter One. Review o f Mgl$2

Substrate

T Con (K )

Preparation conditions

p ost annealing

Obs.

in-situ annealed in vacuum , at
900°C for 3 0 s, quenched to RT
ex-situ annealing in 1 atm. Ar, for
15 min at 600°C
in-situ annealed in vacuum , at
900°C for 3 0 s, quenched to RT

the Tc dependence on exsitu annealing tim e was
studied

ex-situ annealing in Ar, at 600°C
for 15 m in, quenched to RT

smooth surface

in-situ ann ealing in vacuum , at
900°C for 30 s, quenched to RT

smooth surface

Tco (K )

Si
(100)

35
27

evaporation o f M g and B from
two separate resistive heaters on
unheated substrates

Si
(100)

27
17

AI2 O3

33.3
32

AI 2O 3

26
16

evaporation o f M g and B from
two separate resistive heaters on
unheated substrates
evaporation o f M g arid B from
tyvo separate resistive heaters on
tmheated substrates
•
evaporation o f M g and B from
two separate resistive heaters on
' unheated substrates

film s contained cracks

Table. 1 Critical temperature and preparation conditions of films deposited by co
deposition (CD) on Si and AI2O 3 substrates.

Substrate
AI2 O 3
AI2 O 3
(1 1 0 2 )

AI2 O 3
(102)

Tcon (K )

Tco (K )
39 .
38.8
39
38.8

.

39
38.3
38.6 38 -

AI2 O 3
(1102)

39
37.6

AI2 O3

39
37

AI2 O3
(0 0 0 1 )

39
36

AI2 O3

38.3
38

Preparation conditions

Post annealing

e-beam evaporated B , reacted with M gB 2
and M g at 90Q°C in a T a tube
B film deposited by PLD at RT, sealed with
M g in a N b tube in Ar, 900°C for 10-30 min
in a evacuated quartz tube, quenched to RT

B ex-situ annealed
for 1 £ at 900°C

e-beaxn evaporated B film s at RT in 10'
.
■
6 Torr; B film s with M gB 2 p ellets and excess
M g sealed in a Ta tube, heated in an
evacuated quartz tube to 600°C , held 5 min,
T increased to 890°C , h eld for 1 0-20 m in,
cooled to R T
.
B film deposited by PLD at RT, sealed with
M g in a Ta tube in Ar, heated in a evacuated
quartz tube to 900°C in 5 m in, held for 10- 30 m in, quenched to RT
B film s thermally evaporated, sealed in Nb
•tube with M g, 3kPa Ar, R T to 800°C in 60
•. „
m in, kept 30 m in, and quenched to RT
PLD deposition o f B at 900°C at 6x1 O ^ a
B film s with M gB 2
with a X eC l excim er laser; after deposition
pellets wrapped in
. B film s dipped in alcohol to rem ove B 2 O3
Ta foil, annealed in
evacuated quartz
tube, at 900°C for
60 m in, cooled
slow ly to RT
e-beam evaporated B , reacted with M gB 2
A ex-situ annealed
for 2 0 m in at .
and M g at 900°C in a Ta tube
900°C '■

Obs.

highly c-axis oriented
structure w ith n o impurity
phase, RRR=2.3;
Jc(5K ,0T )=4xlO 7A/cm 2,
Jc(15iL 5T )= 105A/cm 2
c-axis and random grains
are observed, ’
Jc(20K ,0T )= 2x 10 6A/cm 2,
JC(20K, 1T )= 2 .5 x 10 5A /cm 2

c-axis oriented films,
Jc(5 K ,0 T )= 6 x l0 6A/cm 2,
Jc(35K ,0.T)=3x 10 5 A/cm 2

m ost grains have c-axis
orientation

Table. 2 Critical temperature and preparation conditions o f films deposited by Mg
diffusion method on A120 3 substrates.
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Figure 4. Critical current densities versus magnetic field for MgB 2 films [3,7,48]
The data for Nb-Ti [16] and Nb3Sn[15] at 4.2K are shown for comparison. This figure
is from ref. [ 1 ].

The critical temperature decreases at various rates for different substitutions, as can be
seen in Fig. 5[1] and Fig. 6[1]. The largest reduction is given by Mn [17], followed by
Co [17], C [18], A1 [19], Ni, and Fe [17]. The elements which do not significantly
reduce the critical temperature o f MgB2 are Si and Li [20].

At present, all substitutions dectease the critical temperature of magnesium diboride
with one exception: Zn, which increases Tc slightly, by less than one degree [17, 21].
There are only two reports regarding Zn doping. Both agree with the fact that at a
certain doping level Tc increases, but they disagree with the doping level at which this
occur. This may be due to the incorporation o f a smaller amount o f Zn than the nominal
doping content.
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Figure 5. Critical temperature dependence on doping content x for substitutions with
Zn, Si, Li, Fe, Al, C, Co, Mn (0<x<0.2). This figure is from ref. [1].

Figure 6 . Critical temperature dependence on doping content x for substitutions with Al
and C. this figure is from ref. [1],
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Fig. 6 is shows Tc versus doping level 0<x<0.82 for substitutions with C [18, 22], and
A1 [19-20, 23-26]. The critical temperature variation versus x for A1 reflects the
existence o f structural transitions at different doping levels, with the slopes dTc/dx from
different reports being in agreement with each other.

The investigation of changes Tc and lattice parameters with A1 substitution in Mgi_
xA1xB2 leads

to the conclusion that MgB2 is near a structural instability that can destroy

superconductivity [25]. The critical temperature decreases smoothly with increasing x
from 0 to 0.1, accompanied by a slight decrease of the a lattice parameter. At x=l there
is an abrupt transition to a non-superconducting isostructural compound which has the
c lattice parameter shortened by about 0.1 A. The loss of superconductivity associated
with decreasing the a lattice parameter with no change in the cell symmetry suggests
that the structure parameters of MgB2 are particularly important to its superconductivity
at high Tc. In the case of C doping the two reports [18, 22] disagree about the value of
the critical temperature at different doping levels. This may be due to the fact that
carbon was not completely incorporated into the MgB2 structure in the report of Zhang
etal. [22].

1.2.3. Bulk samples

Many groups have measured the critical current density and its temperature and
magnetic field dependence for different shapes of MgB2 bulks [27- 34]. Unlike in
HTSC, Jc (T,H ) in MgB2 is determined by its pinning properties and not by weak link
effects. These pinning properties are strongly field dependent, becoming rather poor in
modest magnetic fields. The inductive measurements indicate that in dense bulk
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samples, the microscopic current density is practically identical to the intra-granular Jc
measured in dispersed powders [28], so that the Ic current is not limited by grain
boundaries [35].

Fig- 7 [ 1 ] shows data on critical current versus applied magnetic field, JC(H), for bulk
MgB 2 samples, taken at different temperatures,

5,

10, 15, 20, 25 and 30K. For

comparison the JC(H) data for Nb-Ti [16] and NbsSn [15] at 4.2 K are shown. In self
fields bulk MgB 2 achieves high values o f critical current density, up to 106 A/cm2, while
in 10 T Jc is about 102 A/cm2.

Figure 7. Critical current densities versus magnetic field for MgB 2 bulk samples
[3 9 ],[4 8 ],[2 9 ],[3 1 ],[ 3 2 ],[2 8 ],[34],[27],[33]. The data for Nb-Ti [15,16] at4.2K are
shown for comparison. This figure is from ref. [1].
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1.2.4. Jc in tapes and wires

The PIT approach has been used to fabricate metal-clad MgB2 wires/ribbons using
various metals, such as stainless steel (SS) [36, 37], Cu [38], Ag [38], Ag/SS [38], Ni
[39], Cu-Ni [37], Nb, Ta/Cu/SS [40], and Fe [39, 41-43]. Usually, the PIT method
consists o f the following procedure. MgB2 reacted powder or a mixture of Mg and B
powders with stoichiometric composition is packed in various metal tubes or sheaths.
These tubes are drawn into wires, cold-worked into ribbons, followed by a heat
treatment at 900-1000°C.

In Figs. 8 and 9 are shown the critical current density dependence in magnetic fields for
MgB2 wires and tapes, respectively. The data for are taken from references [36-45].
Compared to bulk MgB2 and MgB2 powder, the wires and tapes have lower values of Jc
in low fields, of about 6x l0 5 A/cm2. However, the JC(H) dependence becomes wider,
allowing larger current density values in higher fields, JC(5T)>10 A/cm . Due to
geometrical shielding properties, the tapes can achieve higher currents in relatively high
magnetic fields than wires [43].

Suo et al. found that annealing the tapes increased core density and sharpened the
superconducting transition, raising Jc by more than a factor of 10 [29].

Wang et al. studied the effect of sintering time on the critical current density of MgB2
wires [42]. They found that there is no need for prolonged heat treatment in the
fabrication o f Fe-clad wires. Several minutes sintering gives the same performances as
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Figure 8. Critical current densities versus magnetic field for MgB 2 wires [40-42,44].
The data for Nb-Ti[15, 16] at 4.2K are shown for comparison. This figure is from
ref.[l].

H(T)
Figure 9. Critical current densities versus magnetic field for MgB 2 tapes
[36,37,39,43,45]. The data for Nb-Ti[15,16] at 4.2K are shown for comparison.
This figure is from ref. [1].
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longer sintering times. Therefore, these findings substantially simplify the fabrication
process and reduce the cost for large-scale production o f MgB2 wires.

Jim et al. showed that alloying MgB2 with Ti, Ag, Cu, Mo, and Y, has an important
effect upon Jc, despite the fact that Tc remains unaffected or slightly reduced by these
elements [41]. These elements can not be incorporated into the crystal lattice in MgB2Therefore, it should be regarded as an elemental addition effect rather than as a doping
effect. Iron addition seems to be least damaging, whereas Cu addition causes Jc to be
significantly reduced by 2-3 orders of magnitude.

Iron is also beneficial as a metal cladding, as it shields the core from external fields,
with the shielding being less effective for fields parallel to the tape plane [43]. When
there is no external field, the transport current will generate a self-field surrounding the
tape. Because Fe is ferromagnetic, the flux lines will penetrate into the Fe sheath,
particularly at the edges of the tape. Therefore, the sheath will reduce the effect of self
field on Ic. When external fields are applied, the Fe sheath acts as a shield, reducing the
effects of an external field. Therefore, using Fe-clad tapes may be beneficial for power
transmission lines.

1.2.5. Absence o f weak links

Many magnetization and transport measurements show that MgB2 does not exhibit
weak-link electromagnetic behaviour at grain boundaries [46] or fast flux creep [47],
phenomena which limit the performances of high-Tc superconducting cuprates. As
stated previously, high critical current densities have been observed in bulk samples,
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regardless o f the degree o f grain alignment [39, 48]. This would be an advantage for
making wires or tapes with no degradation induced weak-links, which are common and
serious problem in cuprate high temperature superconductors.

Figure 10. Critical current density dependence in magnetic field. Data taken from
resistive and magnetic measurements [48]. This figure is from ref. [1].

Fig. 10 illustrates the absence o f weak links in MgB 2 . Transport measurements in high
magnetic fields o f dense bulk samples yield very similar Jc values to those found from
inductive measurements [28], [48]. This confirms that inductive current flows
coherently throughout the sample, unaffected by grain boundaries. Therefore the flux
motion will determine Jc dependence on field and temperature.

Jin et al. [41] found that some materials used as tubes or sheaths in the PIT method
dramatically reduce the critical current o f MgB 2. Although magnesium diboride itself
does not show the weak-link effects, contamination does result in weak-link-like
behaviour.
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Part II. Chapter Two: Fabrication of MgB2 thick films grown on stainless steel
substrate

2.1. Introduction

The discovery o f superconductivity at 39K in MgB2 [1] has generated great interest
worldwide in both fundamental studies and practical applications. Critical current densities
on the order of 104 to 105 A/cm2 have been reported by several groups for polycrystalline
MgB2 bulk samples [2-8]. A strong link type critical current density has been observed,
regardless of the degree of grain alignment [3]. This would be an advantage for making
wires or tapes with no degradation of Jc, unlike the degradation due to grain boundary
induced weak-links which is a common and serious problem widely encountered in
cuprate high temperature superconductors. HC2 of MgB2 has been determined to be as high
as 14T at 4.2K. A significantly large Jc of 10 A/cm at 4.2K and IT and enhancement of
the irreversibility line have been reported in high quality epitaxial MgB2 thin films grown
on AI2O3 and SrTiC>3 single crystal substrates [9,10]. This result gives further
encouragement to the development of MgB2 for high current applications. Fabricating
MgB2 into tapes or wires will be essential for most such applicants. The first short wire of
MgB2 reported was made by exposing boron filament to magnesium vapour [11], with a Jc
of 105 A/cm2. For tape fabrication, it is very important to find a suitable sheath material for
MgB2 which does not degrade the superconductivity. The first tape of MgB2 reported was
made using Nb as the sheath material [12]. The motivation for our study on the fabrication
of MgB2 thick films on different substrates is to find a suitable sheath material for making
MgB2 tapes, as thick film preparation is very much easier than making tapes. In addition,
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the thick films of MgB2 have a great potential for applications in magnetic shielding
devices and high power microwave devices that will work at significantly higher
temperatures than conventional low Tc superconductors, due to the high Tc of 39K. it was
reported very recently that the surface resistance of a dense MgB2 sample is lower than that
o f polycrystalline Y-123 bulks and matches that of Y-123 single crystals [13]. These
results show promise for the use of MgB2 in microwave applications. It has been noted that
there are plenty of elements in the periodic table that can form the AIB2 structure. Most of
them have a high solubility in MgB2 [14]. Because the supercurrent is most likely carried
by holes, any electron doping reduces the hole concentration level and in turn degrades the
Tc of MgB2 [15]. It has been shown that doping can degrade the Tc in Mgi_xAlxB2 [16 ]. It
is noted that the size of iron is very small compared with Mg and therefore the ion has a
very small solubility in MgB2. In this thesis the formation and properties of MgB2 thick
films grown on stainless steel substrates will be investigated.

2.2. Experimental methods

For the film preparation, a suspension of mixed magnesium and amorphous boron powder
was made by mixing the powders together with acetone. The powders of Mg and B were
deposited on a piece of polished stainless steel placed at the bottom of the suspension by
evaporating the acetone. This procedure was repeated several times until the desired
thickness was reached. The resulting samples were pressed under high pressure after the
deposition process in order to increase the density of the deposited films. Another piece of
stainless steel o f the same size as the substrate was placed onto the top of the deposited
films so as to avoid the loss and oxidation of Mg during the sintering at high temperatures.
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The samples were sintered in a tube furnace using two different temperature profiles (a)
and (b) as shown in Fig.l. For (a), the temperature was increased at a heating rate of
300°C/h to 660°C, which is the exact melting point of magnesium, then furnace cooled
down to room temperature without any holding period at 660°C. For (b), the temperature
was increased at the same heating rate of 300°C/h to 800°C, and held there for 4h, then
furnace cooled down to room temperature. A flow of high purity Ar gas was maintained
throughout the whole sintering process.

Fig.l Temperature profile for MgB 2 thick films grown on stainless steel substrate

2.3. Results and discussions
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After removing the top piece o f stainless steel, the films were found to be of a shining with
black colour. However, the films appear not to be firmly attached to the substrate. A plate
like layer of film could be easily removed from the substrate, probably indicating a non
reaction between the films and the stainless steel. This can be understood by considering
that iron has a very small solubility in MgB2 due to the fact that the iron ions are too small
compared with the Mg. Another reason for the poor adherence of the film to the substrate
is the formation of fine particles of MgO that may be acting as a barrier. This is evidenced
by the SEM result as will be seen below. It is also possible that there may be a large
difference in thermal expansion at high temperatures for steel and MgB2 so that they
separate from each other during cooling. The thicknesses of the films are. about 160 jum.

2.3.1. Study of phase purity

Fig.2 shows the XRD patterns for samples sintered by temperature profile (a) (sample A)
and (b) (sample B). It can be seen that most of the peaks belong to MgB2. Sample A only
contains MgO impurities. However, sample B which was sintered at 800°C for 4h,
contains both MgO and MgB4. it means that heating up to 660°C without further holding
time is sufficient for MgB2 phase formation for the full amount of materials used in the
films. According to the Mg-B phase diagram, MgB2 can decompose to MgB4 only at high
temperatures above 1545 °C [17]. The sintering temperature of 800 °C used for sample B
is much lower than the decomposition temperature of MgB2, but it is much higher than the
melting point o f magnesium. Therefore, it is very likely that some of the magnesium
evaporated at 800 °C through the flow of Ar gas at an early stage of the reaction between
magnesium and boron. This loss of magnesium at 800 °C would have caused a change of
the stoichiometry from the starting composition to the magnesium poor or boron rich side,
78

Chapter Two: Fabrication ofMgB 2 thickfilms grown on stainless steel substrate

which in turn resulted in the formation of MgB 4 in addition to MgB 2 as indicated in the
phase diagram [14,17]. The formation of MgO may come from the starting Mg which
may contain MgO, or from the reaction of Mg with remnant 0 2 in the furnace during
sintering.
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Fig.2 XRD patterns for samples A (a) and B (b).

2.3.2. Surface morphology of the MgB2 thick films

Fig.3 (a-c) Shows the SEM images of the two samples. Fig.3 (a) and (b) for sample A
shows a flat and dense surface with grain sizes of less than 1 pm. Sample B (Fig.3 (c)) has
a rougher surface but similar grain size. The cracks seen in Fig.3 (a) mainly occurred after
handling. Fig.3 (d) is the surface of the substrate after the MgB2 film was removed. The
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substrate grains are clearly seen with some small white MgO particles on top of them. The
formation of MgO may be a barrier to the adherence of film to the substrate.

Fig. 3 (a) SEM image for surface of sample A.

2.3.3. Superconductivity and critical current density

The Tc of 37.5K was determined for both samples by using a.c. susceptibility in an ac field
of 1 Oe and a frequency of 117 Hz, as shown in Fig. 4. Both samples have a similar value
of susceptibility. M-H loops measured at 5 and 20K for both samples are shown in Fig.5.
A flux jump for H<1T can be seen for both samples at 5K which is the same as what has
been reported for a MgB 2 pellet with grain sizes as large as 200 pm [18]. In addition, the
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Fig.3 (b) SEM image for surface of sample A.

Fig.3 ( c ) SEM image for surface of sample B.
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Fig.4 Temperature dependence of ac susceptibility of MgB 2 thick films for samples A
(open circles) and B (solid line).

■
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Hdc [Oe]

,

Fig.5 M-H loops measured at 5K and 20K. Open (5K) and closed circles (20K) represent
sample A, and solid (5K) and dashed (20K) lines represent sample B.

magnetization hysteresis is much larger than for a weak-linked MgB2 sample which was
sintered at 800 °C using high pressure and reacted MgB 2 powders used as the starting
material [19]. This means that the grains are well connected, similar to what is formed in
compacted MgB2 pellets with large grain sizes of about 200 jam. The critical current
density can be obtained from the loops using the Bean Model [20]

Jc =20M/a(l-a/3b) (a< b), a and b are the sample size in the plane perpendicular to
the magnetic field

Jc as a function of temperature is shown in Fig.6 . The Jc at 5K for H<1T cannot be defined
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due to the flux jump. The Jc of both samples is about 8xl04 A/cm2 at 5K and IT and 7xl04
and 105 A/cm2 at 20K and zero field for samples A and B, respectively. Jc for sample A is
thus of the same order as for sample B. This value is larger than for Nb sheathed MgB2
tape which has a Jc of 4.2 xlO4 A/am2 at 4.2K and IT [12].

Fig.6 Jc vs magnetic field. The arrow shows the maximum field where the flux jumping
ends.

Although the MgB2 thick films in our present work are not firmly attached to the steel
substrate, it should be noted that the sintering conditions relating to cooling, heating rate
and holding time still cannot be considered optimum. The situation might be different in
iron sheathed MgB2 tapes. It was found that the MgB2 can strongly adhere to iron sheath
materials. A thin layer of iron might be a suitable buffer layer between MgB2 and other
metal sheath materials which could react with MgB2.
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2.4. Conclusions

The MgB2 thick films on stainless steel substrate can be fast formed by heating samples to
660 °C without any holding time and quickly cooled down. XRD shows above 90% MgB2
phase. However, the sample was sintered at 800 °C for 4h contains MgB4 as well as MgB2
and MgO. The fast formed MgB2 films appear to have good grain connectivity that gives a
Jc o f 8xl04 A/am2 at 5K and IT and maintains this value at 20K in zero field. However, the
MgB2 films do not adhere well to the steel substrate. The most likely reason may be the big
difference in thermal expansion coefficient between MgB2 and SS. It is possible that a thin
layer of iron can be used a buffer layer allowing the use of other metallic sheath materials
with MgB2.
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Chapter Three: Very fa st formation ofM gB 2with high Jc
Part IL Chapter Three: Very fast formation of MgB 2 thick films with high Jc

3.1. Introduction

Impressive progress has been made in the fabrication of MgB2 wires since the discovery of
superconductivity at 39 K in this material [1]. A number of techniques have been
developed to improve the processing parameters for achieving high critical current
densities [2-11]. Among these, the powder-in-tube (PIT) process appears most promising
and practical. Some metals and alloys have been found to be suitable for sheath materials
in the PIT process. Iron and its alloys in particular have been found to be not only non
poisoning to MgB2 [6-9] but also capable of providing magnetic screening to reduce the
effect of external applied magnetic fields on the critical currents [6,8]. High transport
critical current densities have been reported for Fe and Fe alloy clad-MgB2 wires by some
groups [6-8,10, 11].

The precursor powder is another important factor in the PIT ( powder-in-tube ) process for
the fabrication of high temperature superconductor wires. There are two routes adopted in
the PIT process for fabrication of MgB2 wires: fully reacted MgB2 powder and a
stoichiometric mixture of unreacted Mg and B powders. A high transport Jc on the order
of 104- 105 A/cm2 at 20 K and 4.2 K has been reported for Cu/Fe/MgB2 tapes where reacted
MgB2 powders were used as the core conductor and sintered at 900-1000 °C for 0.5 h out
of a total heat treatment time of more than 3 h, including the initial heating [7]. By using
unreacted Mg+2B powders sintered at 800 0 C for 1 h, Fe clad MgB2 tapes with a high
transport Jc above 104 A/cm2 at 30 K and 1 Tesla and Ic greater than 150 A have been
successfully fabricated [8].
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As shown in last chapter, the MgB2 phase can be easily formed in a very short of time at
temperatures as low as 660 °C. This indicates that, as the melting point of Mg is 650 °C,
the MgB2 phase can be formed immediately so long as the sintering temperature is above
the melting point of Mg. This means that a liquid phase of Mg favors the fast formation of
MgB2. However, the Jc and density of the MgB2 thick films prepared using the heat
treatment conditions presented in the last chapter, is relatively low compared with those of
some pellets produced by conventional solid state reaction. This may due to the low
sintering temperature of 660 °C and the long sintering time at 800 °C. The latter can cause
a big loss of Mg at 800 °C due to the significant evaporation of Mg under such long
sintering. It is important that sintering conditions and film preparation procedures are
improved. In this chapter, optimized sintering conditions leading to significantly improved
Jc and density of the MgB2/SS are presented. A systematic study on the effects of sintering
time on MgB2 formation and Jc was carried out. SS-clad MgB2 with high Jc can be
achieved in a very short period, with a total time of several minutes in a furnace. This is
highly relevant to the industrial fabrication and applications of MgB2 because it allows for
continuous processing in a less or even non-protective environment.

3 .2 . Experimental method

The film fabrication procedure is the same as that described in the last chapter. The
resulting samples were pressed under high pressure after the deposition process in order to
increase the density of the deposited films. Another piece of stainless steel of the same size
as the substrate was placed onto the top of the deposited films so as to avoid the loss and
oxidation of Mg during the sintering at high temperatures. These two pieces of stainless
steel were tightly bound together using an iron wire so that the Mg+B powders could be
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tightly confined between these two stainless steel pieces. It was found that if no binding
were used, the films were found to be bent after sintering and the top piece detached from
the films. This would certainly cause a big loss of Mg and low film density, by using the
binding, the loss of Mg can be reduced, and the density could be increased.

3.3. Results and discussions

3.3.1. XRD results

Samples of about 2 cm in length and 0.5 cm in width were directly heated at a preset
temperature (Tmax) for 3-32 minutes in flowing high purity Ar. This is then followed by a
quench to room temperature in air or in liquid nitrogen. Fig. 1 shows the real temperature

Fig. 1 The real temperature of the samples as a function of time
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Fig.2 XRD patterns for samples sintered for different times and at different temperatures

of the samples as a function of time, starting from when the wires were loaded into a hot
tube furnace held at a constant temperature Tmax of 745, 840, or 900 °C. The real
temperature inside the furnace was determined by a temperature sensor which was placed
in the position of the samples. Fig.l shows that only a short time (2-3 min) is required for
the samples to reach Tmax, and that the higher the Tmax, the shorter the time. Seven samples,
which were heat treated at different Tmax, are illustrated and the removal time indicated by
open circles as shown in Fig. 1. Samples 1, 5 and 6 were removed from the furnace after 3
minutes, having experienced only a few seconds at Tmax. Samples 2-4 were removed after
sintering for 6, 15, and 32 minutes, and sample 7 was sintered at 840°C for 6 min. The
surface of the two pieces of stainless steel was slightly oxidized after sintering. This
indicates that there was a possible source of MgO in the samples.
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XRD patterns were recorded for all the samples. Results show that all the samples have
almost the same phase purity (above 90% MgB 2 and 10% MgO). Fig. 2 shows XRD
patterns (samples 1, 4 and 5) after the stainless steel pieces were mechanically removed. It
is clear that sample 5 has the same high phase purity as sample 4, even though it was only
heat treated for 3 min, as opposed to 32 min for sample 4. These results indicate that the
MgB 2 phase can been quickly formed (in just a few seconds to a few minutes) in situ, in
agreement with what has been reported in Chapter two.

3.3.2. SEM images

SEM images of three samples which were sintered at 745 °C h for 3, 6, and 15 min are
shown in Fig. 3 (a-d). SEM examination revealed that the grain size is smaller than 1
micron for all the samples.

Fig.3 (a) SEM image for sample sintered at 745°C for 3 min.
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Fig.3 (b) SEM image for sample sintered at 745°C for 6 min.

Fig. ( c ) SEM image for sample sintered at 745°C for 15 min.
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Fig.3 '(d) SEM image for sample sintered at 745 °C for 15 min.
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Fig.4 SEM image for sample sintered at 840°C for 3 min.
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It can be roughly seen that the sample density increases with increasing time for the fixed
temperature of 745 °C. For the t=3 min sample, the SEM image shows porous features as
shown in Fig.3(a). However, for the t=6 and 15 min samples, a dense surface can been
seen (without clear porosity) as shown in Fig. 3 (b) and (c), indicating that a relatively long
sintering time enhances the grain connectivity. The grain size of the t=15min sample is
about 100 nm as shown in Fig.3 (d).

If the sintering time is fixed at 3 min, and the sintering temperature increased, we can see
from Fig.4 that the sample which was sintered at 840 °C for just 3 min is as dense as the
t=T5 min sample sintered at 745 °C. It thus seems that a very short sintering time at high
temperature produces a high-density sample.

3.3.3. Transition temperature Tc

Due to a strong shielding effect from the Fe sheath metal [10], bare thick films were used
for the magnetic characterization. Transition temperatures, Tc, and transition width ATC, for
the 3-15 minute treated samples were all very similar. In fact, Tc is almost the same (~ 38
K) for all the samples, while there is only a small difference in ATC, which decreases with
increasing heating temperature from 745-840 °C for samples 1 and 5, which were sintered
for only 3 min (Fig 5).

.3.3.4. M-H loops

Measurements of the M-H loops at different temperatures were carried out on these bare
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Fig.5 Temperature dependence of the ac susceptibility of MgB 2 thick films sintered at
different temperatures for the same time (3 min).

Fig.6 M-H loops for sample 7 sintered at 840°C for 6 min.
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film samples. A typical M-H loop of sample 7 sintered at 840°C for 6 min is shown in Fig.
6. We can see that a typical flux-jumping pattern is present at 5K and 10K. This flux
jumping was first observed in an MgB2 bulk samples as reported by our group [12] and in
thin film samples as well [13]. The flux jumping has been directly visualized using
magneto-optical imaging techniques and explained in terms of phenomena associated with
rapid flux penetration [13].

3.3.5. Critical current density Jc

The critical current density was calculated from the M-H loops using the Bean critical
model Jc == 20 AM/a(l-a/3b), where AM is the height of the M-H loop, and a and b are the
dimension of the sample in a plane perpendicular to the magnetic field. Jc versus magnetic
field up to 6 Tesla for two samples 2 and 7 at 20 K and 30 K is shown in Fig. 7. It can be
seen that Jc for the sample heat treated at 840 °C for 6 min is much higher than for the one
that was heat treated at 745 °C for the same sintering time. It should be noted that Jc of
7 x l0 5 A/cm2 at 20K and zero field was been achieved for sample 7.

3.3.6. Critical current density Jc of wire samples

For the wire sample preparation, powders of magnesium (99%) and amorphous boron
(99%) with the stoichiometry of MgB2 are well mixed. The mixed powder is then loaded
into a Fe tube followed by a standard PIT ( powder- in- tube) processing method for the
fabrication of Fe-clad MgB2 wire. The composite tube is drawn from 10 mm to 1-3 mm
diameter. Short wire samples of about 2 cm in length are sealed in a small Fe tube and then
directly heated at a preset temperature (Tmax) for 3-32 min in flowing high purity Ar or
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nitrogen or in air ( when a short sintering time is used). This is then followed by a quench
to room temperature in air or in liquid nitrogen. Six short wires were prepared based on the
same sintering conditions and the definitions of the sample numbers for the wires are same
as those used for the films and shown in Fig.l. It can be seen in Fig. 8 that sample 1, which
was sintered at 745 °C for 3 min, has a remarkably lower Jc than the other samples,
probably dur to poor grain connectivity. However, if Tmax =840°C, the Jc of the wire treated
for just 3 min (sample 5), is as good as that of a wire treated for 15 min at 745 °C.
Furthermore, Jc-field performance of the sample sintered at Tmax =840 °C for 3 min is the
best out of all the samples, as evidenced by the crossover ( indicated by arrows ) of Jc-H
curves in higher fields, as shown in Fig. 8.

1x104

2x104

3x104

4x104

5x104

6x104

Hdc [Oe]

Fig. 7 Jc versus magnetic field for film samples which were sintered at 745 and 840°C for 6
min.

.
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Fig.8 Jc versus Hdc for Fe/MgB2 wires sintered at 745 °C for 3, 15,and 32 min and for a
sample sintered at 840 °C for 3 min

Sintering Temperature [K]
Fig. 9 Jc versus sintering temperature of Tmax for samples 1, 5 and 6 which were all sintered
for 3 min.
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Fig.9 shows the Jc versus sintering temperature for samples 1, 5 and 6 which were all
treated for 3 min at 745, 840 and 900 °C. For the same 3 min sintering, Jc increases as the
sintering time increases from 745 to 840 °C. No further increase of Jc was expected for
Tmax ~900 °C.

Fig. 10 shows the comparison of Jc at 20 K for both zero field and 3 T for sample wires
sintered for different times.

We can see that the Jc is about 3 xlO5 A/cm2 at 20 K zero

field for samples 2-5. It is noted that Jc for the sample sintered for 3 min (sample 5) is
almost the same as that

for samples 2-4 which were sintered for 6 min to 32 min. For

further comparison, Jc data from a Fe-clad MgB2 tape which was prepared by 3h heating to
800 °C, holding for lh, and then slow cooling down to room temperature is also shown in
Fig. 10. It can be seen that the Jc and field dependence of the wire samples which were
sintered for only a very short time (samples 2-5) are as good as for this reference tape. In
fact, Jc (20K and 3T) for sample 5 is better than for the reference tape and all the other wire
samples, indicating that sample 5 has better pinning.

Jc o f film sample 7, and a typical short-time heat treated MgB2 wire (sample 4) are
compared with good quality Jc Bi2212/Ag and Bi2223/Ag tapes at 25 K and 1 T [14] [15]
(Table 1). The Jc of a MgB2 pellet prepared using Mg+2B powders and sintered at 850 °C
for 1 h under a pressure of 45 kbar [16] (HP (hot press ) synthesized MgB2 pellet) is also
shown in the table.

It can be seen that our short-time heat treated sample 4 (wire) and

sample 7 (film) have a lower Jc than for the Bi2223/Ag tape at 25 K and IT, but have a
higher Jc than the HP synthesized MgB2 pellet, and the Jc is also more than one order of
magnitude higher than for the Bi2212/Ag tapes.
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Fig. 10 Jc vs sintering time of Tmax for samples 1, 5 and 6 which were all sintered for 3 min

Table 1. Comparison of Jc of MgB2 wires and films with Bi2212 /Ag tape

MgB2 wire ( Sample 4 )
MgB2 films ( sample 7 )
MgB2 (HP synthesized pellet)
Bi2223/Ag tape
Bi2212/Ag tape

Jc (A/cnri) at 25 K, 1 T
5.9 x 104
1.1 x 105
1.6 x 104
2.9 x 105
2.5 x 103

Reference
This work
This work
[16]
[14]
[15]

3.4. Conclusions

In this chapter, the effects of sintering time and temperatures on the formation and critical
current densities of MgB2 films and Fe-clad MgB2 wires have been investigated. It was
found that there is no need for prolonged heat treatment in the fabrication of MgB2
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superconductor. A total sintering time of several minutes is more than enough to form
nearly pure MgB2 with high performance characteristics. The Tc and Jc show convincingly
that the samples which were sintered for 3-6 minutes are as good as those sintered for
longer times. In fact, the Jc field performance for wire samples sintered for 3 min at 840
C, is always at least as good as for any other long sintered samples and even slightly better
at high fields. Jc of 7 xlO5 A/cm2 in zero field and above 105 A/cm2 in 2T at 20K have
been achieved for MgB2 films grown on stainless steel. These findings substantially
simplify the fabrication process and reduce the costs for large-scale production of MgB2
wires.
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